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Abstract. Recent updates to the observational determinations of the primordial abundances
of helium (4He) and deuterium are compared to the predictions of BBN to infer the univer-
sal ratio of baryons to photons, η10 ≡ 1010(nB/nγ)0 (or, the present Universe baryon mass
density parameter, ΩBh2 = η10/273.9) as well as to constrain the effective number of neutri-
nos (Neff) and the number of equivalent neutrinos (∆Nν). These BBN results are compared
to those derived independently from the Planck CMB data. In the absence of a light WIMP
(mχ >∼ 20 MeV), Neff = 3.05(1 + ∆Nν/3). In this case, there is excellent agreement between
BBN and the CMB but, the joint fit reveals that ∆Nν = 0.40± 0.17, disfavoring standard big
bang nucleosynthesis (SBBN) (∆Nν = 0) at ∼ 2.4σ, as well as a sterile neutrino (∆Nν = 1)
at ∼ 3.5σ. In the presence of a light WIMP (mχ <∼ 20 MeV), the relation between Neff and
∆Nν depends on the WIMP mass, leading to degeneracies among Neff , ∆Nν, and mχ. The
complementary and independent BBN and CMB data can break some of these degeneracies.
Depending on the nature of the light WIMP (Majorana or Dirac fermion, real or complex
scalar) the joint BBN + CMB analyses set a lower bound to mχ in the range 0.5 − 5 MeV
(mχ/me >∼ 1 − 10) and, they identify best fit values for mχ in the range 5 − 10 MeV. The
joint BBN + CMB analyses find a best fit value for the number of equivalent neutrinos,
∆Nν ≈ 0.65, nearly independent of the nature of the WIMP. The best fit still disfavors the
absence of dark radiation (∆Nν = 0 at ∼ 95% confidence), while allowing for the presence
of a sterile neutrino (∆Nν = 1 at <∼ 1σ). For all cases considered here, the lithium problem
persists. These results, presented at the Rencontres de l’Observatoire de Paris 2013 - ESO
Workshop and summarized in these proceedings, are based on Nollett & Steigman (2013).
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1. Introduction
Late in the early evolution of the Universe, af-
ter the e± pairs have annihilated, the only re-
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maining standard model (SM) particles are the
CMB photons and the three relic neutrinos (νe,
νµ, ντ). At these early epochs the Universe is
“radiation dominated”, and after the e± pairs
have annihilated, the energy density may be
written as ρR = ργ + 3 ρν, where 3 ρν accounts
for the contributions from the three, SM neutri-
nos. In addition to the SM neutrinos, there may
be additional, beyond the standard model parti-
cles that, like the SM neutrinos, are extremely
light (<∼ 10 eV) and very weakly interacting.
During the early (or, even, relatively late) evo-
lution of the Universe these “extra”, neutrino-
like particles, so called “equivalent neutrinos”,
will contribute to the energy density, which
controls the early Universe expansion rate. If
∆Nν counts the contribution of equivalent neu-
trinos, often referred to as “dark radiation”,
ρR = ργ + (3 + ∆Nν) ρν. The contribution to
∆Nν of an equivalent neutrino that decouples
along with the SM neutrinos (at T = Tνd) will
be ∆Nν = 1 for a Majorana fermion (e.g., a ster-
ile neutrino), ∆Nν = 2 for a Dirac fermion or,
∆Nν = 4/7 for a real scalar. In general, ∆Nν is
an integer (fermions) or an integer multiple
of 4/7 (bosons). However, an equivalent neu-
trino that is more weakly interacting than the
SM neutrinos, will have decoupled earlier in
the evolution of the Universe and its contribu-
tion to ∆Nν will be suppressed by the heating
of the SM neutrinos (and photons) when the
heavier SM particles decay and/or annihilate.
Therefore, in principle, there is no reason that
∆Nν should be an integer or an integer multi-
ple of 4/7 (for further discussion see Steigman
(2013); for a specific example of three, very
weakly coupled, right-handed neutrinos, see
Anchordoqui et al. (2013)).
After the SM neutrinos have decoupled,
when T = Tνd ≈ 2 − 3 MeV, the e± pairs
annihilate, heating the photons but not the
already decoupled neutrinos. Prior to neu-
trino decoupling (and e± annihilation), the
neutrinos, e± pairs, and the photons are in
equilibrium at the same temperature, Tν =
Te = Tγ but, after e± annihilation, the pho-
tons are hotter than the relic neutrinos. In the
simplest, textbook discussions, it is assumed
that the neutrinos decoupled instantaneously
and that the electrons were effectively mass-
less at neutrino decoupling, when Te = Tνd.
With these approximations, the late time (af-
ter e± annihilation is complete) ratio of neu-
trino and photon temperatures is (Tν/Tγ)0 =
(4/11)1/3 and the ratio of energy densities in
one species of neutrino (ρ0ν) and the photons
is (ρ0ν/ργ)0 = 7/8 (Tν/Tγ)40 = 7/8 (4/11)4/3.
However, at neutrino decoupling me/Tνd ≈
0.2 , 0 and, ρν differs (by a small amount)
from ρ0ν (Steigman 2013). Furthermore, the
neutrinos don’t decouple instantaneously and,
while the neutrinos are partially coupled they
share some (a small amount) of the energy
released by e± annihilation (Mangano et al.
2005). These effects can be accounted for by
introducing Neff , the “effective number of neu-
trinos”, where ρR ≡ ργ + Neff ρ0ν , so that,
Neff = 3
[
11
4
(
Tν
Tγ
)3
0
]4/3(
1 + ∆Nν3
)
. (1)
Assuming instantaneous neutrino decoupling
and that me ≪ Tνd, Neff = 3 + ∆Nν. Assuming
instantaneous decoupling but correcting for
the finite electron mass, Neff ≈ 3.02(1 +
∆Nν/3) (Steigman 2013). Accounting for non-
instantaneous neutrino decoupling and for the
finite electron mass, Neff ≈ 3.05(1 + ∆Nν/3)
(Mangano et al. 2005). In addition, in this case
there is a very small, but not entirely negligi-
ble correction to the BBN predicted primordial
helium abundance (Mangano et al. 2005).
So far, the possibility of a very light,
weakly interacting, massive particle, a WIMP
χ, has been ignored. The difference between
a WIMP and an equivalent neutrino is that a
WIMP remains thermally coupled to the SM
particles after it has become non-relativistic
and when it begins annihilating and, its annihi-
lation heats the remaining SM particles (either
the photons and, possibly, the e± pairs if the
WIMP couples electromagnetically or, the SM
neutrinos if the WIMP only couples to them).
Note that in the analysis and discussion here,
the WIMP need not be the dark matter; it could
be a sub-dominant component of the dark mat-
ter (Ωχ < ΩCDM). Here we specialize to the
case of a light WIMP coupled only to the pho-
tons and e± pairs. The relevant role played by
such a light WIMP is that its annihilation heats
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the photons relative to the decoupled SM neu-
trinos, changing (reducing) (Tν/Tγ)0. In this
case, Neff is a function of mχ (see Steigman
(2013) and references therein). The expansion
rate of the early Universe, the Hubble pa-
rameter H, is controlled by the energy den-
sity (H ∝ ρ1/2R ), so any modification of
Neff will be reflected in a non-standard ex-
pansion rate (e.g., during BBN). Extremely
light WIMPs (mχ <∼ me) will annihilate so
late that, if their annihilation produces pho-
tons, they will modify the baryon-to-photon ra-
tio (η10 = 1010(nB/nγ)0 = 273.9ΩBh2) dur-
ing or after BBN. BBN can probe Neff as well
as the universal ratio of baryons-to-photons.
At late times, e.g., at recombination, the CMB
can also probe ΩBh2 and Neff. As indepen-
dent probes of the effective number of neu-
trinos (Neff) or the number of equivalent neu-
trinos (∆Nν) and the universal baryon density
(ΩBh2 or η10), BBN and the CMB can help to
break the degeneracies among these parame-
ters and the WIMP mass (and spin/statistics)
and to constrain their allowed ranges (see,
Steigman (2013) and Fig. 1).
1.1. Planck CMB Constraints
In the analysis in Nollett & Steigman (2013),
whose results are described and summarized
here, the CMB constraints onΩBh2 and Neff are
adopted from the Planck ΛCDM + Neff fit
including BAO (Planck Collaboration 2013).
The correlations between these quantities have
been included in our analysis. For our analy-
sis we have adopted ΩBh2 = 0.0223 ± 0.0003
(η10 = 6.11 ± 0.08) and Neff = 3.30 ± 0.27.
In Fig. 1, the Planck 68% and 95% constraints
on Neff are shown as a function of the WIMP
mass (the CMB constraints are independent of
the WIMP mass). Also shown are the curves
corresponding to Neff as a function of mχ for a
Majorana fermion WIMP and for three choices
of the number of equivalent neutrinos. The be-
havior seen here is qualitatively similar for a
Dirac or scalar WIMP (see, e.g., (Steigman
2013)). This figure illustrates the degeneracies
between Neff and mχ. For example, for ∆Nν =
0 the CMB can set a lower bound to mχ. In
Fig. 1. Neff is shown as a function of the WIMP
mass for ∆Nν equivalent neutrinos, for the case
of a Majorana fermion WIMP. The solid curve
is for ∆Nν = 0, the short dashed curve is for
∆Nν = 1, and the long dashed curve is for
∆Nν = 2. The horizontal, red bands are the
Planck CMB 68% and 95% allowed ranges.
This figure is from Nollett & Steigman (2013);
an earlier version is in Steigman (2013).
contrast, for ∆Nν = 1 (2), high values of mχ are
excluded.
1.2. BBN Constraints
Of the light nuclides produced during BBN, D
and 4He are the relic nuclei of choice. To ac-
count for, or minimize, the post-BBN contri-
butions to the primordial abundances, observa-
tions at high redshift (z) and/or low metallic-
ity (Z) are preferred. Deuterium (and hydro-
gen) is observed in high-z, low-Z, QSO absorp-
tion line systems and helium is observed in rel-
atively low-Z, extragalactic H II regions. Even
so, it may still be necessary to correct for any
post-BBN nucleosynthesis that may have mod-
ified their primordial abundances. The post-
BBN evolution of D and 4He is simple and
monotonic. As gas is cycled through stars,
D is destroyed and 4He produced. Finally, D
and 4He provide complementary probes of the
parameters of interest. yDP ≡ 105(D/H)P is
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Fig. 2. BBN predicted curves of constant baryon-
to-photon ratio and equivalent number of neutrinos
in the YP – yDP plane. From left to right (blue), η10 =
7.0, 6.5, 6.0, 5.5. From bottom to top (red) ∆Nν = 0,
1, 2. Also shown by the filled circle and error bars
are the observationally inferred values of YP and yDP
adopted here (see the text).
mainly sensitive to the baryon density at BBN
(ΩBh2) and is less sensitive to ∆Nν. In con-
trast, the 4He mass fraction, YP, is very insen-
sitive to ΩBh2, but is quite sensitive to ∆Nν.
This complementary, nearly orthogonal, de-
pendence of D and YP on η10 and ∆Nν is il-
lustrated in Fig. 2. For the analysis here (and in
Nollett & Steigman (2013)), we have adopted,
yDP = 2.60 ± 0.12 (Pettini & Cooke 2012) and
YP = 0.254 ± 0.003 (Izotov et al. 2013).
In contrast, 3He has a more complicated,
model dependent, post-BBN evolution and has
only been observed in the relatively metal-rich
interstellar medium of the Galaxy. In addition,
its BBN-predicted abundance is less sensitive
to ΩBh2 and ∆Nν than that of D. 3He is not
used in our BBN analysis but, we have con-
firmed that its observationally inferred primor-
dial abundance (Bania et al. 2002) is in good
agreement with our BBN-predicted results. 7Li
suffers from some of the same issues as 3He. Its
post-BBN evolution is complicated and model
dependent. Although, in principle, 7Li could be
as useful as D in constraining ΩBh2 (and, to
Fig. 3. A comparison of the the 68% (darker) and
95% (lighter) contours in the Neff – ΩBh2 plane
derived separately from BBN (blue) and the CMB
(pink). The “×” symbol marks the best fit CMB
point and the “+” is the best fit BBN point.
a lesser extent, ∆Nν), there is the well known
“lithium problem” (see, e.g., Fields (2011) and
Spite et al. (2012) for recent reviews) that, as
will be seen below, persists. In the BBN analy-
ses, with and without a light WIMP, only D and
4He are used to constrain ΩBh2 and ∆Nν (or,
Neff) and these BBN constraints are compared
to the independent constraints from the CMB.
2. BBN Without A Light WIMP
In the absence of a light WIMP the BBN-
predicted primordial abundances depend on
only two parameters, the baryon-to-photon ra-
tio (η10 or, ΩBh2) and the number of equiv-
alent neutrinos (∆Nν). In the absence of a
light WIMP the effective number of neutrinos
and the number of equivalent neutrinos are re-
lated by Neff = 3.05 (1 + ∆Nν/3). With two,
independent relic abundances (D and 4He),
BBN can constrain these two parameters. This
is illustrated in Fig. 2. For the abundances
adopted here, we find from BBN (without a
light WIMP), η10 = 6.19 ± 0.21 (ΩBh2 =
0.0226±0.0008) and ∆Nν = 0.51±0.23, corre-
sponding to Neff = 3.56 ± 0.23 (accounting for
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round-off). The BBN 68% and 95% contours
in the Neff – ΩBh2 plane, along with the best fit
point, are shown in Fig. 3, where they are com-
pared to the corresponding contours (and best
fit point) for these parameters inferred from
the Planck CMB data (Planck Collaboration
2013). As Fig. 3 reveals, in the absence of a
light WIMP, there is excellent agreement be-
tween BBN and the CMB. This motivates (jus-
tifies) a joint BBN + CMB analysis, resulting
in (for the joint fit) η10 = 6.13 ± 0.07 (ΩBh2 =
0.0224±0.0003) and Neff = 3.46±0.17 (∆Nν =
0.40 ± 0.17). However, as may be seen from
Fig. 4, this joint BBN + CMB fit favors neither
standard BBN (SBBN: ∆Nν = 0), nor the pres-
ence of a sterile neutrino (∆Nν = 1). SBBN is
disfavored at ∼ 2.4σ and a sterile neutrino is
disfavored at ∼ 3.5σ.
As for lithium, for the joint BBN + CMB
parameter values the BBN predicted 7Li abun-
dance is A(Li) ≡ 12+ log (Li/H) = 2.72±0.04,
to be compared with the observationally in-
ferred “Spite Plateau” abundance of A(Li) =
2.20 ± 0.06 (Spite et al. 2012). The lithium
problem, the factor of ∼ 3 difference between
predictions and observations, persists.
3. BBN With A Light WIMP
Although BBN and the CMB are in excellent
agreement in the absence of a light WIMP, we
are interested in investigating the constraints
they can set on the mass of such a WIMP and
also, how its presence changes the parameter
constraints discussed in the previous section.
The presence of a light WIMP can effect BBN
(and the CMB) in several ways, provided it
is sufficiently light. For example, a very light
WIMP might be mildly relativistic at BBN (or,
prior to BBN, when the neutron-to-proton ra-
tio is being set), contributing to the total energy
density (similar to an equivalent neutrino) and
speeding up the expansion rate. A faster expan-
sion generally increases the neutron-to-proton
ratio at BBN, leading to the production of more
4He. Also, such a very light WIMP might an-
nihilate during or after BBN and the photons
produced by its annihilation will change the
baryon-to-photon ratio from its value during
BBN. The baryon-to-photon ratio at present
Fig. 4. The joint BBN+CMB 68% (darker) and
95% (lighter) contours in the number of equivalent
neutrinos (∆Nν) – baryon density (ΩBh2) plane. The
“+” symbol marks the best fit point. SBBN corre-
sponds to ∆Nν = 0 and a sterile neutrino corresponds
to ∆Nν = 1, as shown by the dashed lines.
may differ from its value at BBN affecting,
mainly, the BBN D abundance. The effects on
the BBN light element yields in the presence
of a light WIMP but, neglecting any equiva-
lent neutrinos (∆Nν ≡ 0), were investigated by
Kolb et al. (1986) and Serpico & Raffelt (2004)
and, more recently, by Boehm et al. (2013). In
Nollett & Steigman (2013) those BBN calcu-
lations were extended to allow for the presence
of dark radiation (∆Nν , 0). In this case, there
are three free parameters. In addition to the
baryon density (η10 or ΩBh2) and the number
of equivalent neutrinos (∆Nν), the light WIMP
mass is allowed to vary, modifying the connec-
tion between Neff and ∆Nν,
Neff = N0eff(mχ)(1 + ∆Nν/3) , (2)
and producing time-dependent effects on the
weak rates and the expansion rate during BBN.
As already noted by Kolb et al. (1986), Serpico
& Raffelt (2004) and, Boehm et al. (2013), for
an electromagnetically coupled light WIMP, as
mχ decreases below ∼ 20 MeV, the BBN pre-
dicted D abundance decreases monotonically,
while the 4He abundance first decreases (very
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Fig. 5. The CMB and BBN constraints on Neff as
a function of the light WIMP mass, mχ. The hori-
zontal, pink bands show the 68% and 95% ranges
from the Planck CMB results. The blue bands show
the corresponding BBN ranges. The black curve
through the middle of the blue bands shows the
values of Neff as a function of mχ for which the
BBN predicted D and 4He abundances agree ex-
actly with the observationally inferred abundances
adopted here.
slightly) and then increases monotonically. For
a more detailed discussion of the physics con-
trolling this modified BBN, especially the non-
monotonic behavior of YP and its connection
to the temperature dependence of the neutron
– proton interconversion reactions, see Nollett
& Steigman (2013).
With three parameters and two observables
(yDP and YP), BBN is underconstrained. For
each choice of mχ, a pair of η10 and ∆Nν pa-
rameters can be found so that BBN predicts –
exactly – the observed D and 4He abundances.
This is illustrated in Figs. 5 and 6, which show
Neff and ΩBh2 as functions of the WIMP mass,
as inferred from the CMB (Neff and ΩBh2 are
independent of mχ) and from BBN. These fig-
ures show how the degeneracy illustrated in
Fig. 1 can be broken by combining constraints
from the CMB with those from BBN.
A comparison of the BBN and CMB con-
straints on Neff and ΩBh2 is shown in Fig. 7.
The independent and complementary BBN and
Fig. 6. As in Fig. 5, the CMB and BBN constraints
on ΩBh2 as a function of the light WIMP mass, mχ.
CMB results are in excellent agreement, over
the range in Neff and ΩBh2 defined by the
Planck CMB constraints. As a result, the BBN
and CMB results may be combined in a joint
analysis to identify the allowed 68% and 95%
ranges in the Neff (or, ∆Nν) – ΩBh2 plane. This
joint analysis (Nollett & Steigman 2013) finds
Neff = 3.30±0.26 andΩBh2 = 0.0223±0.0003
(η10 = 6.11 ± 0.08), consistent with the CMB
results alone, but with slightly smaller uncer-
tainties. The new results from this joint analy-
sis for ∆Nν as a function of ΩBh2 are shown
in Fig. 8. For the joint fit, ∆Nν = 0.65+0.46−0.35.
Note that these figures and the numerical re-
sults cited here are for the case of a Majorana
fermion WIMP. Very similar results are found
for a Dirac fermion or for a real or com-
plex scalar WIMP (see Table 1 in Nollett &
Steigman (2013)).
Allowing for a light WIMP, the joint CMB
+ BBN comparison excludes light WIMPs
with masses <∼ 0.5 − 5 MeV. The best joint
fit WIMP mass is found to be mχ ≈ 5 −
10 MeV, depending on the nature of the WIMP.
However, very nearly independently of the na-
ture of the WIMP, the best fit for the dark radi-
ation is ∆Nν ≈ 0.65 in all cases (see Fig. 10 and
Table 1 in Nollett & Steigman (2013)). While
∆Nν = 0 is still disfavored at ∼ 95% confi-
dence, in the presence of light WIMP, a ster-
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Fig. 7. The CMB and BBN constraints on Neff as a
function of the the baryon density ΩBh2 (combining
the results shown in Figs. 5 & 6).
ile neutrino (but, not two sterile neutrinos!) is
now permitted. Since the no light WIMP case
is a good fit to the BBN and CMB data, there
is no upper bound to the WIMP mass.
It is interesting that for the WIMP masses
allowed by the joint BBN + CMB fit (includ-
ing the high WIMP mass limit – the no light
WIMP case), the BBN predicted lithium abun-
dance lies in the range A(Li) = 2.72 ± 0.04
(see Fig. 13 in Nollett & Steigman (2013)),
still a factor of ∼ 3 larger than the observa-
tionally inferred Spite Plateau value of A(Li)
= 2.20±0.06 (Spite et al. 2012). A light WIMP
does not help to alleviate (indeed, it reinforces)
the lithium problem.
4. Summary And Conclusions
In the absence of a light WIMP the effec-
tive number of neutrinos and the number of
equivalent neutrinos are simply related, Neff =
3.05(1 + ∆Nν/3) and the Planck CMB data
alone, Neff = 3.30±0.27 (Planck Collaboration
2013), constrains ∆Nν = 0.25 ± 0.27, con-
sistent with the absence of dark radiation at
<∼ 1σ (and, inconsistent with a sterile neu-
trino at ∼ 2.8σ). The CMB alone also provides
a constraint on the universal baryon density,
Fig. 8. The joint CMB + BBN constraints on dark
radiation (∆Nν) as a function of the baryon den-
sity (ΩBh2). The dashed lines indicate the absence
of dark radiation (∆Nν = 0) and the presence of a
sterile neutrino (∆Nν = 1).
ΩBh2 = 0.0223 ± 0.0003 (η10 = 6.11 ± 0.08).
For ∆Nν = 0 and the Planck value of the baryon
density, BBN (SBBN) predicts the primordial
D abundance to be yDP = 2.48 ± 0.05, in ex-
cellent agreement with the observationally in-
ferred value of yDP = 2.60 ± 0.12 (Pettini &
Cooke 2012). However, for this combination of
ΩBh2 and ∆Nν, the SBBN predicted primordial
helium abundance is YP = 0.2472 ± 0.0005,
which is ∼ 2.3σ away from the observation-
ally inferred value, YP = 0.254± 0.003 (Izotov
et al. 2013). Independent of the CMB, in the
absence of a light WIMP BBN provides inde-
pendent constraints on ∆Nν (Neff) and ΩBh2.
BBN alone finds ∆Nν = 0.51 ± 0.23 (Neff =
3.56±0.23) andΩBh2 = 0.0226±0.0008 (η10 =
6.19 ± 0.21). Within the errors, the BBN and
CMB constraints on Neff and ΩBh2 (∆Nν and
η10) are in excellent agreement. However, nei-
ther SBBN (∆Nν = 0) nor a sterile neutrino
(∆Nν = 1) is favored by the combined BBN +
CMB analysis, which finds ∆Nν = 0.40± 0.17.
Indeed, in the absence of a light WIMP, ∆Nν =
0 is disfavored at ∼ 2.4σ and ∆Nν = 1 is disfa-
vored at ∼ 3.5σ. The joint BBN + CMB anal-
ysis predicts a primordial lithium abundance
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A(Li) = 2.72±0.04, a factor of ∼ 3 higher than
the observationally inferred, primordial value;
the “lithium problem” persists.
In the presence of a sufficiently light
WIMP (mχ <∼ 20 MeV) the CMB results are
unchanged (although the connection between
Neff and ∆Nν is modified depending on the
WIMP mass). In this case Neff = N0eff(mχ)(1 +
∆Nν/3) and there is a degeneracy between the
CMB constraints on Neff and ∆Nν (and mχ). As
may be seen from Fig. 1, for some choices of
∆Nν, the CMB constraint on Neff sets a lower
limit to mχ, while for other choices the CMB
sets an upper limit to the WIMP mass. The in-
dependent constraints from BBN can help to
break these degeneracies. In the presence of
a light WIMP BBN depends on three param-
eters: ∆Nν, Neff, ΩBh2 (or, mχ, ∆Nν, η10) but,
there are only two BBN constraints from D
and 4He. For each choice of mχ, there is al-
ways a pair of ∆Nν and η10 values for which
BBN predicts – exactly – the observationally
inferred primordial D and 4He abundances.
However, the corresponding BBN inferred val-
ues (and ranges) of Neff and ΩBh2 need not
agree with the values (and ranges) set by the
CMB. By comparing the BBN and CMB con-
straints, the degeneracies may be broken. In
this way a lower bound, as well as a best fit
value, of the WIMP mass is found (depend-
ing on the nature of the WIMP). For the case
of a Majorana fermion WIMP shown in the
figures, mχ >∼ 1.7 MeV and the best fit is for
a WIMP mass mχ = 7.9 MeV. Depending on
the nature of the WIMP, the lower bound to
mχ ranges from ∼ me to ∼ 10 me, while the best
fit WIMP masses lie in the range ∼ 5−10 MeV
(see Nollett & Steigman (2013)). In all cases,
very nearly independent of the nature of the
WIMP, ∆Nν ≈ 0.65. While the joint BBN +
CMB analysis finds essentially the CMB val-
ues for Neff and ΩBh2, the presence of an ad-
ditional, free parameter relaxes the constraints
(increases the error) on ∆Nν (compared to the
no light WIMP case). Now, a sterile neutrino
is permitted at <∼ 68% confidence (see Fig. 8).
However, the absence of dark radiation (∆Nν =
0) is still disfavored at ∼ 95% confidence. For
the joint BBN + CMB analysis the BBN pre-
dicted primordial lithium abundance is A(Li) =
2.73 ± 0.04, a factor of ∼ 3 higher than the ob-
servationally inferred value. Even in the pres-
ence of a light WIMP, the lithium problem per-
sists.
It should be noted that at this meeting R.
Cooke presented new results on the primordial
abundance of deuterium, yDP = 2.53 ± 0.04
(Cooke et al. 2013). Although the new central
value agrees very well with the earlier, Pettini
& Cooke (2012) result adopted here, the new
uncertainty is smaller by a factor of three. In
the analysis described here (and, in more de-
tail in Nollett & Steigman (2013)), this small
change in the primordial deuterium abundance
has the effect of increasing η10 by ∼ 0.1 and de-
creasing ∆Nν by ∼ 0.01. These small changes,
well within the errors, leave the results and
conclusions presented here unaffected.
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